The multidimensional HPLC mapping method developed by Dr. Noriko Takahashi and coworkers has been widely recognized as a useful tool for the structural analysis of neutral and sialyl N-glycans. The utility of this method would be further extended if it could be used to analyze anionic oligosaccharides, including sulfated or glucuronylated glycans, since they play important roles in cell-cell communications. Hence, we developed HPLC maps of sulfated and glucuronylated oligosaccharides produced by recombinant sulfotransferases and glycosyltransferases. Here, we describe the HPLC map of anionic glycans and demonstrate its utility by applying this map for the characterization of sulfotransferase N-acetylglucosamine 6-O-sulfotransferase-1 (GlcNAc6ST-1) and glycosylation proˆling of in‰uenza virus.
A. Introduction
Glycosylation is one of the major posttranslational modiˆcations, as is evident from the fact that more than half the number of proteins are predicted to be modiˆed with glycans (1) . Glycans increase the solubility and stability of proteins as well as increase the structural integrity of protein functional sites and mediate cell-cell communications and viral infections. Particularly, sulfated glycans expressed on glycoproteins play important roles in biological events such as lymphocyte homing (2) , degradation of pituitary gland hormones (3) , and adhesion of neural cells (4) . It is well known that sialyl-6-sulfo Lewis X structures mediate lymphocyte homing by interacting with L-selectin (2). Antibody and lectin staining experiments have conrmed that glycotopes are located at the nonreducing ends of highly branched oligosaccharides. However, thus far, there have been only a few reports that describe the detailed structures of sulfated and/or glucuronylated glycans. This is largely because of the lack of a conventional method for the identiˆcation and preparation of these anionic glycans. Similar to many other oligosaccharides, glycans possess multiple linkage modes giving rise to divergent isomeric structures. In addition, detailed structural analyses of these glycans have been hampered by their low rate of occurrence (comprise less than 1z of the carbohydrate moieties expressed on cell envelopes) and transient expression during development. Therefore, it had become necessary to develop analytical methods to detect the lowabundant anionic oligosaccharides.
Mass spectrometry (MS) is a rapid and sensitive method for structural characterization of oligosaccharides; however, it is di‹cult to discriminate isomeric structures using MS (5, 6) . Although the discrimination of isomeric structures of sugar chains has been attempted by analyzing the fragmentation patterns observed in an MS/MS spectra (7, 8) , application of this strategy to analyze anionic sugar chains such as sulfated oligosaccharides remained to be a challenging task.
Takahashi et al. have long been developing a threedimensional (3-D) sugar mapping technique using pyridyl-2-aminated (PA) derivatives of oligosaccharides; this method has been extremely useful for identifying the structures of neutral and sialyl N-glycans and for their quantitative proˆling (9, 10) . In this method, 3 diŠerent high performance liquid chromatography (HPLC) columns (diethylaminoethyl (DEAE), octadecylsilica (ODS), and amide) are used to separate PA-oligosaccharides, following which their structures are determined on the basis of their elution positions on the columns by directly comparing it with the HPLC data of standard PAoligosaccharides. This method requires only subpicomole quantities of samples and enables the discrimination of isomeric oligosaccharides based on the diŠerences in their elution times. Although the HPLC data of approximately 500 diŠerent N-glycans, mainly derived from natural glycoproteins, have been published (11) , those of sulfated and/or glucuronylated oligosaccharides are not yet available. The utility of the HPLC-mapping method would further increase if it can be used to analyze anionic oligosaccharides. Hence, we attempted to develop an HPLC-based method for the structural analysis of anionic N-glycans. In this article, we have described recently developed HPLC maps, including approximately 100 kinds of sulfated and/or glucuronylated oligosaccharides, and demonstrated their utility by illustrating some applications.
B. Development of HPLC maps of anionic glycans
Because the levels of sulfated and glucuronylated N-linked oligosaccharides expressed on cell surfaces are extremely low, it is necessary to prepare enough quantities of these oligosaccharides for developing their HPLC maps. Thus, we employed a cell line transfected with a sulfotransferase cDNA and isolated sulfated oligosaccharides as PA-derivatives after desialylation. In addition, we performed in vitro enzymatic reactions catalyzed by recombinant enzymes to obtain glucuronyl PA-oligosaccharides. The isolated asialosulfo PA-derivatives were then modied by in vitro sialylation. The PA-oligosaccharides thus produced were separated by using the multidimensional HPLC method. The elution time of anionic PA-glycans depends on their structures as is observed in the case of neutral and only sialylated PA-glycans. The isolated PAglycans were characterized by MS analysis in conjunction with the HPLC analyses of the products derivatized by glycosidase digestion and/or desulfation by HCl treatments. Thus, we were able to successfully establish an HPLC map for 40 kinds of sulfated asialo-oligosaccharides (12), 23 kinds of sialo-oligosaccharides, and 54 kinds of glucuronylated glycans that include HNK-1-containing carbohydrates ( Fig. 1) (13) . These HPLC data facilitate the proˆling of naturally occurring low-abundant anionic glycans and discriminating their isomeric structures.
Takahashi et al. have reported that the elution position of a particular PA-glycan can be represented by the sum of the contributions of individual monosaccharide units at speciˆc positions, i.e., unit contribution (UC) (14, 15) . By a linear multiple regression analysis using the HPLC data of the sulfated and/or glucuronylated oligosaccharides obtained thus far, the UC values of the sulfate and glucuronyl units were computed and diagrammatically presented (12, 13) . Figure 2 shows the UC values of the 4 glucuronyl units separated on the ODS column. Intriguingly, the glucuronic acid residues at diŠerent positions exhibit diŠerent UC values, which would be useful to predict the coordinates in the HPLC maps of putative glucuronyl N-glycans.
On the basis of the HPLC data, one can strategically extract highly branched anionic PA-oligosaccharides from natural sources and can further derivatize them by glycosidase and glycosyltransferase treatment in vitro, thereby developing a variety of standard oligosaccharides. The oligosaccharide library thus generated can be a useful tool for the structural analysis of sugars by using MS and NMR methods as well as for the characterization of sugarprotein interactions, for example, by using frontal-a‹nity chromatography.
C. Branch speciˆcity of sulfotransferase
The formation of sulfated glycans, including the oligosaccharides containing the HNK-1 epitope, in the neural system is assumed to be catalyzed by speciˆc sulfotransferases and glycosyltransferases. We have found that the major sulfated N-glycans expressed in mouse brain possess sulfate group(s) at the C6 position of the GlcNAc residue(s) (manuscript in preparation). It is most likely that the sulfation of the oligosaccharides giving rise to these glycans is catalyzed by N-acetylglucosamine 6-Osulfotransferase-1 (GlcNAc6ST-1), which is highly expressed in the mouse brain. A previous study (16) has shown that GlcNAc6ST-1 catalyzes the transfer of sulfate from adenosine 3?-phosphate 5?-phosphosulfate (PAPS) to the C6 position of the nonreducing GlcNAc residue. However, branch speciˆcity of this enzyme remains to be elucidated. To address this issue, we applied our HPLC method to quantitatively monitor the products obtained from a reaction catalyzed by recombinant GlcNAc6ST-1. We used the complex bi-, tri-, and tetra-antennary glycans containing GlcNAc residues at all nonreducing ends as the starting substrate for GlcNAc6ST-1. Treatment of such PA-oligosaccharides with recombinant GlcNAc6ST-1 expressed by transfected COS7 cells in the presence of PAPS resulted in a variety of reaction products; these were successfully separated on the basis of the sulfated group content by using an amide column (Fig. 3A) . To discriminate the resulting isomeric products, we further separated the products on an ODS column after treating them with Nacetylhexosaminidase, if required. The HPLC mapping method enabled us to identify individual products and to quantitatively monitor their presence and absence during . A: The HPLC proˆles of the products, which were separated on an amide column, originating from the bi-(code no., 200.1), tri-(code no., 300.1), and tetra-antennary (code no., 400.1) PA-glycans after sulfation (for 60 min) catalyzed by the recombinant GlcNAc6ST-1 enzyme expressed in transfected COS7 cells. The experimental procedures used, including the puriˆcation of recombinant protein and sulfotransferase treatments, have been described previously (12) . S0 indicates the fraction corresponding to the starting substrate. S1, S2, S3, and S4 indicate the fractions containing mono-, di-, tri-, and tetra-sulfated oligosaccharides, respectively. B: Time courses of the incidence when the resultant glycans possessed 1 sulfated group. Symbol: circle, mannose; square, N-acetylglucosamine; and S, sulfate. the reaction (Fig. 3B) . The result of this analysis clearly indicated that the GlcNAc6ST-1-catalyzed sulfation preferentially occurs at the N-acetylglucosamine residue on the GlcNAcb1ª2Mana1ª3Man branches. In addition, it has been revealed that the presence of sulfated groups on the GlcNAcb1ª6Mana1ª6Man branches of the tetraantennary glycans negatively aŠects the e‹ciency of subsequent sulfation on other branches. These data suggest that GlcNAc6ST-1 recognized not only the nonreducing GlcNAc residues but also the internal branched structures. The branch speciˆcity thus elucidated is consistent with the results of a previous study that indicated a preferential sulfation at these branches in LS12 cell line, which had been transfected with the GlcNAc6ST-1 gene (12) .
Hence, we believe that our HPLC-based method will be applicable for the characterization of various sulfotransferases and glycosyltransferases. Such information would be considerably useful for preparing tailor-made complicated oligosaccharides. Fig. 4 . Chromatograms of the sulfated N-glycans that were derived from in‰uenza virus (A/Menphis/1/71, H3N2) grown in embryonated chicken eggs and separated on an octadecylsilica (ODS) column. In‰uenza A viruses were propagated in the allantoic sac of 10-day-old embryonated eggs and puriˆed as described previously (32) . A chloroform/methanol extract of in‰uenza A viruses was used as the starting material for N-glycosylation proˆling. Symbols: black circle, mannose; white circle, galactose; square, N-acetylglucosamine; triangle, fucose; and S, sulfate. 
D. Application of HPLC map in glycomics
The contemporary advances in analytical methods in conjunction with genomic information have facilitated systematic studies of the expression of biomolecules, including sugar chains. Recently emerging glycomics projects aim at comprehensively identifying and characterizing glycans expressed by cells, tissues, organs, and organisms. These projects have been focusing on some model organisms such as Caenorhabditis elegans (17) (18) (19) , Drosophila melanogaster (20) , and Danio rerio (21, 22) , as well as mammals (23) . These studies revealed that the expression of N-glycans on cell surfaces varies depending on developmental stages and environmental factors (19, 20, 22, 24) . Our HPLC method would undoubtedly be a powerful tool for performing glycomics studies at not only molecular levels but also cell, tissue, and organism levels. We conˆrmed this by proˆling sulfated N-glycans displayed on in‰uenza virus. HPLC mapping revealed that the in‰uenza virus grown in embryonated chicken eggs (seeˆgure 4 legend) predominantly expressed N-glycans with sulfation of the N-acetylglucosamine residues (Fig.  4) . The proˆles of the sulfated N-glycans of the viruses were similar to those of the host cells. Generally, oligosaccharides expressed on enveloped viruses are associated with viral activities, including receptor binding (25) (26) (27) and replication in host cells (28) , and with host range of the viruses (29) . Hence, it is essential to obtain the glycosylation proˆles of viral sugar chains for clearly understanding the underlying mechanisms of viral infections. 
E. Summary and future perspective
The database of multidimensional HPLC mapping method originally developed by Dr. Noriko Takahashi and coworkers continues to expand and now includes naturally low-abundant anionic N-glycans such as sulfated oligosaccharides. Recently, it has been reported that colonic mucinous adenocarcinomas ectopically expressed GlcNAc6ST-2, which is a member of the carbohydrate 6-O-sulfotransferase family (30) . These data suggest that sulfated glycans are involved in cancer cell migration and invasion. The HPLC mapping method would facilitate the identiˆcation of useful biomarkers for diseases associated with altered proˆles of sulfated glycans. Our HPLC method can also be used to perform high-throughput analyses because it can be easily combined with mass spectrometry.
The multidimensional HPLC mapping method is useful for not only obtaining glycosylation proˆles but also preparing a vast array of standard oligosaccharides. Although in‰uenza viruses have been reported to bind sulfated sialyloligosaccharides expressed on host cells (31) , their binding speciˆcities remain to be elucidated in detail because of the lack of standard sulfated oligosaccharides. Due to the availability of recombinant enzymes, our HPLC mapping method can now enable the development of various anionic oligosaccharides.
We believe that the multidimensional HPLC mapping method will further contribute to the development of basic and appliedˆelds of glycobiology.
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